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INSTRUMENTATION FOR MEASURING IN-VITRO 3.D

RELATIVE MOTION OF INTERVERTEBRAL JOINTS

ABSTRACT

The paper presents the state of the art in measuring in-vitro 3.D rela-

tive motion of synovial joints and i

Based on this analysis, the

paper proposes two modifications in the linkage transducer to collect three

dimensional relative motion data for studying the kineto, elasto, static and

dynamic résponse of the intervertebra] joints subjected to a variety of con-

ditions.
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INTRODUCTION

tion and that it has interrelated six components of motion, While there exists
a8 number of static and dynamic force response simulation models, and while
the need for incorporating the kinematics of the intervertebral joint is fully

realized, a systematic approach in 'mcorporating such kinematic influence of

SURVEY OF THE MEASUREMENT TECHNIQUES

The data describing the relative motion of intervertebral Joints are col-
lected by designing a suitable in-vivo or tn-vitro laboratory €Xperiment. An
in-vivo data collection involves use of buble goniometer 1], shadow technique,

and the roentgenograph technique for recording discrete positions of the spine



measure axial rotatiop of vertebral bodies. An electromechanical motion

transducer System was developed 971 to measure the motion of lumbar Spine

using Mmercury filled tubes as strain elements, Motion transducer Systems to

Mmeasure spatia| relative motion have been also used in studies of other anatom-

ical joints, For example, a multiloop instrument System was used F107 to _
~’

Mmeasure jaw motjon, An instrumented linkage (117 was developed to study

mandibular motion. Single and multiloop linkage instrumented Measurement

techniques were developed riz,13, 147 to measure the spatial motion of the

canine shoulder and of the human knee joint RERN Cineradiography was used

to measure the motion at the wrist [léj - Table 1 Presents an analysis of the

Instrumentation techniques for collecting the In-vitro data on the relative mo.

tion of synovia] Joints. The various techniques are COmpared for thejr suit-

accuracy, simplicity and €conomy. This analysis reveals that the instrumented

ing general Space motion at intervertebra] joints.,
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KINEMATIC CRITERIA OF THE LINKAGE TRANSDUCERS

A linkage transducer has six kink-links, and six kinematic links con-
nected by six pin joints. When the transducer is connected to a human joint
to measure its relative motion, it becomes a closed-loop kinematic linkage
integrating within it the human joint as a kinematic pair, instantaneously hav-
ing one degree of freedom. Since the relative motion of a human joint, (re-
gardless of the manner in which it executes relative motion) can always be
described by an instantaneous screw motion, at each instant, the six link
transducer adds a screw part of one degree of freedom to its configuration.
Thus, the total degrees of freedom of the kinematic pairs of the linkage sys-
tem, including the human joint, is seven. According to Artobolevski and
Dobrovaleski's mobility criteria [19]

F =6(N-1) - SPl - 4PZ - 3P3 - ZP4 - P5
(where F = degrees of freedom of the linkage system, N =number of links,
Pk = number of kinematic pairs with k degrees of freedom), the system has
at each instant constrained motion. That is, the linkage transducer having
six pin-joints connected by six links and connected to a human joint will exe-
cute constrained relative motion. If the six pin-joints are replaced by six
rotary potentiometers, the angular displacement recorded by the potentiome-
ter will provide the necessary data to describe at each instant an equivalent
seventh screw pair. If the human joint is in reality a pin-joint, a slider pair,

or a helical pair, the equivalent seventh pair is expected to have its respec-



277

tive pitch value zero, infinity or constant. However, in general, the human
joints do not represent such simple values and as a consequence, we have the
human joint described by a series of instantaneous screws, each time having
different location, orientation, and pitch values, Such a series of screws
represent the locus of the instantancous screw axes associated with definite
pitch values. This locus is defined as the axode. By examining the inverse
of the motion of the rigid body with respect to a fixed frame, it then becomes
possible to obtain a conjugate axode. Thus, with the help of an axode and its
conjugate axode, it becomes possible to describe theoretically the kinematic
performance of any human joint. The data to find the instantaneous screws
and the axode, are of course obtained using a linkage transducer.

Since the human joint varies in size, shape and location, it is difficult
to arrive at an all purpose linkage transducer to obtain 3-D motion data. The
need to arrive at all possible types and kinds of linkage transducers, therefore,
becomes a necessity if the human-joint study is required to account for the
kinematic influence of the joints.

A transducer can be used either to measure linear displacements or an-
gular displacements. The corresponding kinematic pairs executing linear or
angular displacements are respectively, the sliding or the revolute pair. Us-
ing the criterion that the sum of the degrees of freedom of the linkage trans-
ducer is six and that the human joint will at each instant contribute one helical
pair, we find a total of 22 linkage transducers with rotary and linear potentio-

meters. These are schematically shown in Figures | through 22.
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The advantage of enumerating all possible linkage transducers is that
We are now in a position to select the one :)f the possible twenty-two linkage
transducers on the basis of compactness and availability of rotary and linear
potentiometers. The criterion of compactness of a linkage transducer will
require one to design for optimum dimensions of the linkage involving its
kinematic links, kink-links and orientation of the axes of the transducers. In

addition, the linkage transducer is required to have a maximum range of gross

motion, so that the joint motion can be studied in its entirety.

OUR EXPERIENCE IN USING THE LINKAGE TRANSDUCER

In testing the motion characteristics of a human knee, one is faced with
the similar problem of measuring the 3-D motion data of the knee joint [177.
Just as in the case of the intervertebral joint, the knee joint has all the six
interrelated components of motion [12,13,14]. Precise measurement of these
six components of motion is just as challenging as it is for the intervertebral
joints. A linkage transducer with six rotary poteantiometer was designed spe-
cifically to measure the motion components of the knee joint. All the six po-
tentiometers were servo mounted in the linkage. The readings of these six
potentiometers were monitored on a digital voltmeter. The total weight of
the linkage transducer with the potentiometers is 15 ozs. Table 2 presents
the set of data collected for flexion extension of a cadaver knee. The data
were collected using the linkage transducer. These data were collected in

repetitive manner to insure the accuracy of the linkage transducer. Our ex-
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-~ perience in using the linkage transducer revealed the following:
l. Ease of measuring the six components of motion of the knee
joint,
2. Light weight of the transducer,
3. Ease of mounting and removal of the transducer on the knee
specimen.
4, Accurate and reliable measurements.

The potentiometers used for this purpose have the specifications presented in

Table 3.
TABLE 3
WATERS POTENTIOMETERS BY WATERS MFG, INC,

L — Wayland, MA 01778
Size 7/8" body diameter
Resistance Range & Tolerance 10 0 - 250 K £ 5%
Resistance Value 1K
Ind., Linearity + 1%
Effective Elec Travel 320° = 5°
Mechanical Rotation 360°
Starting Torque < .5 0z-in
Shaft End Play . 005" max
Life 5 x ].0S cvcles
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SPINAL MOTION AND ITS PRECISE 3-D MEASUREMENT

The human spine can execute motion independently in the Sagittal plane,
frontal plane and horizontal plane. These independent motions can be com-
bined in many forms and orders, hence the true study of the three dimensional
intervertebral motion must be done without having to decompose the motion in-
to the three anatomical planes. The relative motion of each of the 24 vertebrae
has at most six components of motion which are governed by a functional rela-
tionship. Such functional relationships or the '"pattern of motion' vary with the
varying modes of motion executed by the spine subjected to a variety of static
or dynamic conditions. Such functional relationships between the components
of motion of a vertebra can be quantitatively described by the locus of the in-
stantaneous screw of motion. This locus which is termed as the axode is the
true ''signature' of the three dimensional intervertebral motion. The axode
and its conjugate defines this motion uniquely in terms of its characteristic
parameters. In order to perform such kinematic analysis of the intervertebral
motion, it is necessary to collect the 3-D motion data in an accurate and con-
tinuous mode. As discussed in previous sections, the instrumented linkage
transducer, Figure 23, provides the best choice. However, the linkage trans-
ducer used for the motion measurement of human knee joint, needs to be re-
designed in order to function properly in the space availalbe between two suc-
cessive vertebrae. Such redesign involves arriving at an optimum set of

kinematic parameters of the linkage, small diameter potentiometers and a
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convenient way of installing the liakaye transducer. The criterian for obtain-
ing the optimum design parameters of link lengths, offset distance along the
rotary axis of the potentiometers and twist angles between the rotary axes of
the potentiometers will include: {1) no interference with the natural modes of
intervertebral motion, (2) adjustability to detect and measure all compocaernts
of motion, (3) negligible weight in comparison to the weight of the spine
specimen and (4) ease of fabrication and installation on the specimen.

Because of the small size of the human vertebrae, the linkage transducer
needs to be small. This imposes a ccastrairt on the desigrn of rotary potentio-
meters that are expected to measure the relative angular displacements of the
links of the mechanism. Such small angular displacement potentiometers are
fabricated by a commercial producer according to a given set of specifications
listed in Table 4. Because of the small aet 4izlacements of the individual
vertebrae contributing to the total motica of spine, the mechanical rotary input
to the potentiometers is small. A machzanical amplifier is therefore nescod to
amplity this relative motion signal. This may i.e achieved by a small plane-
tary iriction roller train integrated with the rovary potearicmeter as shown in
Figure 24. The planet arm which carries the plarnet roilers is attached to one
of the links (say L1l). The extended outer casing of the rotary potentiometer
which also carries the winding core is fixed to the second link L2, and acts as

the ring roller., The sun roller carries the wiper ui the rotary poteatiometer.
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With this arrangement the reiative rotary nioi.u.. Laput to the puteatiometer is ‘J
amplified, thus increasing the resotution of ..e individual potentiometer and
of the.em:ire linkage transducer. Qae ?ossit!.e set ot specifications of such
an epicyclic friction roller train are listed in [abie 4.
Installation of such a linkage transduce: is performed using the following
stepwise procedure:
l. Calibrate the linkage transducer for an escimated range of
data collection,
2. Attach one end of the linkage transdn~er rigidly to oae vert-
ebra through the use of Steirmaa.u p.ns threaded into the can-
cellous bone of the vertebra. Attach tae other end of the link-
age transducer to the other vertebra using the same proce- \J
dure. This method cf zttachnizat »ill pravent any relative
motion between the vertetra aad the link, When properly
mounted the linkage transd.z.r .il! sniral iround the two
vertebrae thus giving the ‘eeded e th ror the lickage trans-
ducer,
3. Establish a reference system for =i1ch vertebra s1d in the
reference system locate ai! the iincs of the racchznisms at
every instant mathematicaliy usiag geonietric parameters
of the linkage transducer.
4. Establish the position and srie.atica of tihs reference sys-

tem in each vertebra with rezpect 10 the z2ormetric shape of J
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TABLE 4

SPECIFICATIONS FOR THE ROTARY POTENTIOMETERS

AND THE EPICYCLIC FRIC;I‘ION ROLLER TRAIN

Specifications for a Potentiometer

Qutside Diameter

Length
Shaft Diameter

Length
Total Mechanical Travel
Theoretical Electrical Travel
Total Resistance
Independent Linearity
Theoretical Resolution

Running Torque

3/8 in.

9/32 in.

1/8 in.

7/8 in.

360° continuous
350° & 5°

5000 ohms + 10%
+ 1%

0.2%

1.0 oz-in. (nominal)

Specifications for an Epicyclic Friction Roller Train

Diameter of the Sun Roller
Diameter of the Planet Roller
Length of Planet Arm

Inside Diameter of Ring Roller

Outside Diameter of Ring Roller

1/8 in.

3/32 in,

7/64 in.

5/16 in.

3/8 in.
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the vertebra.

The kinematic principles of the linkage transducer as discussed in the
previous sections reveal that there is more than one way in which the links of
the transducer can be put together. This gives the investigator the required
flexibility in selecting the optimum design and installation procedure to evolve
the most efficient and accurate means to measure the three dimensional in-

tervertebral relative motion.
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L, TO Ly " LINKS OF THE LINKAGE TRANSDUCER
P, TO Pg : ROTARY POTENTIOMETERS

FIGURE23. SCHEMATIC ARRANGEMENT OF A LINKAGE
TRANSDUCER BETWEEN A PAIR OF
VERTEBRAE.
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S LINK L1 OUTER CASING AS
RING ROLLER

N

FIGURE 24. A SCHEMATIC DIAGRAM OF AN INTEGRATED
ROTARY POTENTIOMETER.



